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Edited by Miguel De la RosaAbstract Hydrophobins are small fungal surface active proteins
that self-assemble at interfaces into ﬁlms with nanoscale struc-
tures. The hydrophobin HFBI from Trichoderma reesei has been
shown to associate in solution into tetramers but the role of this
association on the function of HFBI has remained unclear. We
produced two HFBI variants that showed a signiﬁcant shift in
solution association equilibrium towards the tetramer state.
However, this enhanced solution association did not alter the sur-
face properties of the variant HFBIs. The results show that there
is not a strong relationship between HFBI solution association
state and surface properties such as surface activity.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Hydrophobins are surface active proteins that are produced
by ﬁlamentous fungi [1,2]. They have various important func-
tions in fungal development, such as mediating adhesion of
fungal structures [3,4], lowering of water surface tension
[5,6], and formation of coatings [7,8].
As surface active molecules, hydrophobins adsorb to the air–
water interface and form monomolecular ﬁlms that can have
unusual visco-elastic properties [9]. Hydrophobins also form
foams very easily [10,11] and adsorb to various surfaces
[4,12–15]. At the air–water interface hydrophobins self-assem-
ble into nanoscale structures, such as hexagonally ordered
crystalline monolayers [9,16,17] or randomly aligned rodlets
[18,19].
The monomer structures of hydrophobins HFBI and HFBII
from Trichoderma reesei (7.5 and 7.2 kDa, respectively) can be
regarded as large shape persistent amphiphiles (Fig. 1A)
[20,21]. One side of the protein consists solely of hydrophobic
aliphatic side chains that form a planar hydrophobic patch on
the otherwise mostly hydrophilic protein surface. This amphi-
philic and rigid structure is believed to be responsible for the
hydrophobins unusual interfacial properties.Abbreviations: SEC, size exclusion chromatography; SAXS, small
angle X-ray scattering; QCM, quartz crystal microbalance; DTT,
dithiothreitol
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doi:10.1016/j.febslet.2007.05.024Some hydrophobins have been shown to associate in solu-
tion into multimers in a concentration dependent manner
(Fig. 2) [22–25]. HFBI associates in solution into tetramers
which have been proposed to be formed mainly by the driving
force of hydrophobic interactions between the hydrophobic
patches [23]. Using ﬂuorescence resonance energy transfer, it
was noted, that the HFBI concentration where solution assem-
blies start to form is in the same concentration range as where
the lowest water surface tension, i.e. HFBI surface saturation,
has been reached. Conventional surfactants behave in a similar
manner; because monomers in solution are energetically unfa-
vored, they adsorb to interfaces and the monomers remaining
in solution form micellar structures. Despite the seemingly
analogous behavior of HFBI solution assemblies and surfac-
tant micelles, the role of HFBI solution association on surface
activity (Fig. 2) has not yet been resolved.
In order to understand the hydrophobin surface activity,
formation of surface ﬁlms and the self-assembly process, it is
important to gain information also about the solution associ-
ation and the processes that precede surface adsorption. Fur-
thermore, understanding the solution behavior is essential for
utilizing hydrophobins as surfactants. Also, because hydro-
phobins have unique properties as surfactants, they could
serve as models for biomimetic synthetic surfactants. In this
study, we have produced HFBI variants with a substantially
changed solution association behavior. The ability of these
variants to adsorb to interfaces and to form ﬁlms was deter-
mined, in order to gain an understanding of the relationship
between solution association and surface activity of hydropho-
bins.2. Materials and methods
2.1. Protein production and puriﬁcation
HFBI and the variants NCys-HFBI and HFBI-CysC were expressed
and puriﬁed as described in [16,23,9], respectively.
2.2. Size exclusion chromatography and small angle X-ray scattering
The size exclusion chromatography (SEC) was performed as de-
scribed earlier [23]. The small angle X-ray scattering (SAXS) measure-
ments were conducted at the EMBL beamline X33 at HASYLAB/
DESY. The used wavelength was 1.5 A˚ and a Mar345 was used as a
detector. The solvent background was measured before and after each
sample measurement. Protein concentration was 2.5 mg/ml in 50 mM
Na-acetate buﬀer at pH 5.0. To prevent protein aggregation dithiothre-
itol (DTT) was added to a ﬁnal concentration of 2 mM just before the
measurement. The preliminary data treatment were done using the
software available at the beamline. The data analysis were made with
the program package ATSAS [26].blished by Elsevier B.V. All rights reserved.
Fig. 1. X-ray crystal structure of HFBI (A) (PDB ID 2FZ6, [20]). The conserved hydrophobic patch consisting of only hydrophobic side chains is
colored green. The image was produced with PyMol [32]. Schematic representations (B) and amino acid sequences (C) of HFBI, and the disulﬁde
linked HFBI variants (NCys-HFBI)2 and (HFBI-CysC)2. The green area in (B) represents the hydrophobic patch.
Fig. 2. Schematic representation of hydrophobin solution association
and surface activity. HFBI hydrophobin shows several types of self-
assembly. In solution there is an equilibrium between tetramers and
smaller units. HFBI adsorbs to the air–water interface and self-
assembles into an ordered 2D structure (not depicted). Upon shaking,
ﬁbrils can be formed (not shown).
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The surface tension of hydrophobins was measured with a KSV ﬁlm
balance (Minimicro series, KSV Instruments) at room temperature
using a ﬁlter paper Wilhelmy plate. The resolution of the used ﬁlm
balance was 4 lN/m. An aliquot of a 50 lM hydrophobin/water solu-
tion was added to pure water. After mixing the surface tension was
recorded in one second intervals.
2.4. Langmuir-ﬁlms
Langmuir-ﬁlms were produced as described in [9] using a KSVMini-
micro trough (KSV Instruments). HFBI, (NCys-HFBI)2 and (HFBI-
CysC)2 dissolved in water at concentrations of 60, 30 and 30 lM were
spread on the subphase using volumes of 50, 150 and 100 ll, respec-
tively. The compression rate was 255 mm2/min.
2.5. Quartz crystal microbalance
The protein adsorption to polystyrene surface was measured with an
E4 quartz crystal microbalance (QCM) (Q-Sense) as described earlier
[9]. As the changes in oscillation dissipations were small (<0.5) the Sau-
erbrey relation was used to calculate the adsorbed mass.3. Results
3.1. Isolation of the disulﬁde linked dimers
We designed two diﬀerent HFBI variants having an added
Cys residue either at the N- or C-terminus (Fig. 1C). In the
variant termed NCys-HFBI, 11 amino acids link the added
Cys residue to the native HFBI [23]. The variant HFBI-CysC
has the added Cys residue at the C-terminus as the second last
residue [9]. These variants formed disulﬁde linked dimers
(Fig. 1B), which could be eﬀectively isolated from the unlinked
monomeric forms by reversed phase chromatography as de-
scribed below.
Both variants, NCys-HFBI and HFBI-CysC, eluted as three
peaks in the isolation using reversed phase chromatography.
The peaks were analyzed by matrix-assisted laser desorption/
time-of-ﬂight mass analysis. The ﬁrst two peaks showed
masses corresponding to monomeric (reduced) variants and
proteolyzed forms, where some amino acids were missing
either from the N- or the C-termini. The third peak consisted
of molecules with masses that corresponded to disulﬁde
bridged dimer HFBI variants. These dimeric variants, termed
(NCys-HFBI)2 and (HFBI-CysC)2, showed peaks at
17349 m/z and 15763 m/z, respectively. The calculated values
deduced from the amino acid sequences are 17351 Da and
15766 Da, respectively. The two HFBI-units in both dimer
variants can be regarded as independent units, but they are
connected by a linker part – a long linker in (NCys-HFBI)2
and a short one in (HFBI-CysC)2.
For both variants, reduction of the disulﬁde linked dimeric
form with 50 mM DTT at 37 C as described in [23] resulted
in cleavage into monomers. This could be seen as a shifted elu-
tion volume that corresponded to the elution volume of native
HFBI in analytical reversed phase high-performance liquid
chromatography. Furthermore, the masses corresponded to
monomeric hydrophobins when analyzed with matrix-assisted
laser desorption/time-of-ﬂight.
3.2. Multimerization
The solution association of HFBI and the disulﬁde linked di-
mers was studied with SEC and SAXS. In SEC, the native
HFBI showed a clear concentration dependent solution associ-
ation behavior as has been reported previously [23]. At low con-
centrations of below ca. 30 lM HFBI had elution volumes
corresponding to monomers (Fig. 3). At concentrations around
Fig. 3. Solution association is favored by the disulﬁde bonded HFBI
dimers. Retention volumes of HFBI (squares), (NCys-HFBI)2 (circles),
and (HFBI-CysC)2 (triangles) at diﬀerent concentrations as analyzed
by SEC. Note, that the injected concentrations are plotted and that the
analyte concentration decreases during chromatography. The concen-
trations at which SAXS was performed are shown with arrows.
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sponds to a size of 39 kDa. In contrast to HFBI behavior, the
association of (NCys-HFBI)2 and (HFBI-CysC)2 was only
weakly dependent on the protein concentration, as seen in the
nearly invariant elution volumes. (NCys-HFBI)2 and (HFBI-
CysC)2 assemblies did not dissociate to smaller units upon dilu-
tion to even 0.5 lM. The concentrations presented for the SEC
results correspond to the injected sample concentrations. Con-
centrations of the eluted samples are, however, much lower due
to dilution during the chromatography run. A comparison be-
tween ﬂuorescent and SEC results suggested a roughly 10-fold
lower concentration for the eluted sample [23].Fig. 4. The scattering patterns of HFBI (squares), (NCys-HFBI)2
(circles) and (HFBI-CysC)2 (triangles) with the scattering curve of
HFBI tetramer in crystal (-.-) calculated with CRYSOL. The length of
the scattering vector is deﬁned as q = 4psinh/k, where 2h is the
scattering angle. The inset shows the distance distribution functions of
HFBI (___), (NCys-HFBI)2 (- -), (HFBI-CysC)2 (...) and the tetramer
in crystal (-.-) [20] calculated by GNOM [26].The solution association at high concentrations was further
studied with SAXS. The scattering patterns of HFBI, (NCys-
HFBI)2 and (HFBI-CysC)2, at 2.5 mg/ml (0.33, 0.14 and
0.16 mM, respectively) were all very similar (Fig. 4). The ob-
tained radius of gyration (Rg) values were 26.2 ± 0.4,
28.2 ± 0.3 and 27.3 ± 0.3 A˚, respectively. All the experimental
distance distribution functions (p(r)) resemble each other clo-
sely (Fig. 4, inset), indicating that the shapes of all these pro-
tein assemblies are quite similar. For comparison,
monomeric and tetrameric HFBI in the single crystal (PDB
ID 2FZ6) [20] have Rg values of 14 A˚ and 21 A˚, respectively.
The experimental and calculated tetramer (from 2FZ6) p(r)
functions have a fairly similar shape and position of the max-
imum, but the experimental p(r) functions have long tails. This
indicates, that all samples have about the same shape as the
tetramers in the crystal, but that there are also larger assem-
blies present. The assemblies formed by (NCys-HFBI)2 and
(HFBI-CysC)2 at 2.5 mg/ml are thus HFBI-like, and mainly
tetrameric.
3.3. Lowering of water surface tension
The disulﬁde linked hydrophobins were found to have a sur-
face activity similar to HFBI. The concentration at which no
signiﬁcant surface tension reduction was observed (i.e. surface
saturation) upon analyte addition was 0.4, 1.3 and 0.2 lM for
HFBI, (NCys-HFBI)2 and (HFBI-CysC)2, respectively
(Fig. 5). (HFBI-CysC)2 could not lower the surface tension
of water to as low values as HFBI or (NCys-HFBI)2. The low-
est surface tension value was reached slowly as is typical for
proteins (Fig. 6). Moreover, the disulﬁde linked dimers had a
longer lag time than HFBI. Repeated surface tension measure-
ments resulted in similar curves.
3.4. Surface pressure – area isotherms
Surface pressure – area isotherms of HFBI, (NCys-HFBI)2
and (HFBI-CysC)2 Langmuir ﬁlms were recorded (Fig. S1).
For all the hydrophobins the pressure increase was steep and
the collapse points of HFBI, (NCys-HFBI)2 and (HFBI-
CysC)2 were about 30, 20 and 35 mN/m, respectively. The
areas of the studied proteins ﬁlms at 20 mN/m changed less
than 1.5% upon repeated compression/expansion cycles, indi-
cating that the ﬁlms have similar visco-elastic properties.Fig. 5. Surface tension of aqueous solutions of HFBI (squares),
(NCys-HFBI)2(circles), and (HFBI-CysC)2 (triangles).
Fig. 6. Time dependence for lowering the water surface tension with
HFBI (___), (NCys-HFBI)2 (- - -) and (HFBI-CysC)2 (...). For the
comparison on a molar basis, the HFBI concentration in each panel is
double of that of the covalent dimers. HFBI concentrations are 0.5, 1.0
and 2.0 lM in (A), (B) and (C), respectively. The concentrations of the
dimeric variants are 0.25, 0.5, and 1.0 lM in (A), (B) and (C),
respectively.
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Protein adsorption to polystyrene was observed using a
QCM. The mass of adsorbed HFBI, (NCys-HFBI)2 and
(HFBI-CysC)2 was 243, 416 and 331 ng/cm
2, respectively
(Fig. S2). After treating the surface with 10 mM DTT, 5%,
13% and 22% of the protein mass was removed, respectively.It is likely, that some disulﬁde linked dimers were bound to
the surface only via one hydrophobin unit and that reduction
of this disulﬁde bridge with DTT had released the unbound
partner. The remained amounts correspond to 31, 42 and
33 pmol/cm2 HFBI-units for HFBI, (NCys-HFBI)2 and
(HFBI-CysC)2 samples, respectively. Assuming an even sur-
face coverage, the area occupied by a (non-linked) monomer
would be 5.4, 4.0 and 5.1 nm2 for HFBI and the N- and C-ter-
minal variants, respectively. These values are close to the area
of the HFBI hydrophobic patch, which is 4 nm2 [20].
3.6. Hydrophobin ﬁbril formation
Formation of HFBI and HFBII microscopic ﬁbrillar aggre-
gates is easily induced by shear forces in the solution [22]. To
test the ﬁbrillation ability of the dimeric variants, the sample
solutions were shaken vigorously and the resulting solutions
were imaged with a light-microscope. HFBI and the dimeric
hydrophobins formed uniform sized ﬁbrils that were several
lm in length (Fig. S3).4. Discussion
Two disulﬁde linked HFBI variants showed a clear change
in solution association behavior compared to the native HFBI.
The solution association equilibrium (Fig. 2) of the disulﬁde
bonded HFBI dimers was very strongly shifted towards tetra-
mer formation. The formation of tetramers was conﬁrmed by
SAXS and SEC analysis. As dimers can be thought of as inter-
mediate forms in protein tetramerization [27], the stabilization
of the dimer state in the disulﬁde linked variants apparently
shifts the association equilibrium towards the tetramer state.
In contrast to the solution behavior, the surface properties
of the variants were not signiﬁcantly changed. Both disulﬁde
linked HFBI variants were surface active and had a surface
saturation concentration in the same range as that of native
HFBI. However, (HFBI-CysC)2 did not lower the water sur-
face tension to as low values as HFBI or (NCys-HFBI)2. This
is possibly due to the shorter linker which allows less freedom
in movement between the linked HFBI-units in the formed
ﬁlm. Furthermore, the rate of adsorption to the air–water
interface was slower for the disulﬁde linked variants. The
observed slower adsorption process could be associated with
rearrangements at the air–water interface that are needed to
expose the hydrophobic patches towards the air. This rear-
rangement could take longer for the linked dimer variants.
Typical properties for HFBI, like adsorption to a hydropho-
bic surface and formation of Langmuir-ﬁlms at the air–water
interface were not altered in the variants. Also, the ability of
the variants to self-assemble into long ﬁbrils was not hindered.
The mechanism that induces HFBI ﬁbril formation is currently
poorly known. However, these results show that the variants
with a favored solution association have also the ability to
form ﬁbrils.
The hydrophobin SC3, a class I hydrophobin [2,28] from
Schizophyllum commune, has been shown to have a surface sat-
uration concentration in the range of 7 lM [29]. There is how-
ever, evidence for SC3 that solution association is taking place
below that concentration, already at about 0.3 lM [25]. The
extent to which solution association aﬀects surface activity is
not well understood. There is a large conformational change
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sent in the class II hydrophobin HFBI [31], making it diﬃcult
to compare the two classes.
If the monomer–tetramer equilibrium would be important
for the function of HFBI as a surfactant, a signiﬁcant change
in this equilibrium would arguably provoke a similar change in
surface properties. The results however show, that for HFBI
there is no strong relationship between solution association
and surface properties such as surface activity, ﬁlm formation,
adsorption to surfaces, or ﬁbril formation. A comparison to
previous results shows that HFBI reaches its lowest surface
tension values already at concentrations where monomers
are predominant in solution [23]. In other words, the aﬃnity
for the air–water interface is higher than the aﬃnity for solu-
tion association. The results in this study on the other hand
suggest, that as shifting the solution association towards tetra-
mers did not signiﬁcantly aﬀect surface activity, dissociation of
HFBI to monomers may not be necessary for surface activity.
Hence, besides HFBI monomers, also dimers or tetramers are
surface active.
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